Although new spintronic devices based on the giant spin-orbit splitting of single-layer MoS 2 have been proposed, such splitting has not been studied effectively in experiments. This Letter reports the valence band spin-orbit splitting in single-layer MoS 2 for the first time, probed by the triply resonant Raman scattering process. We found that upon 325 nm laser irradiation, the second order overtone and combination Raman modes of single-layer MoS 2 are dramatically enhanced. Such resonant Raman enhancement arises from the electron-two-phonon triple resonance via the deformation potential and Fröhlich interaction. As a sensitive and precise probe for the spin-orbit splitting, the triply resonant Raman scattering will provide a new and independent route to study the spin characteristics of MoS 2 . Recently, layered semiconductor molybdenum disulfide (MoS 2 ) has created an intense surge in research activities due to the existence of an intrinsic band gap [1] [2] [3] [4] . The single-layer MoS 2 presents a direct band gap at the K point of the Brillouin zone, which is distinct from its few-layer and bulk cases with an indirect band gap [5, 6] . This crossover of band gap in single-layer MoS 2 gives rise to its exotic electronic and optical properties [1, 2, 7] . For example, a single-layer MoS 2 transistor has been realized which exhibits a high current on-off ratio and mobility that is comparable to transistors made of silicon films and better than that from graphene ribbons [1, 8, 9] . In addition, a direct transition in the visible range makes it favorable for potential applications in optoelectronic devices. Another significant physical characteristic in single-layer MoS 2 is a sizable spin-orbit (SO) splitting due to the absence of inversion symmetry. The strong SO splitting breaks the degeneracy of the valence band maximum and conduction band minimum along the direction À-K [10]. This splitting makes it desirable for the realization of many physical phenomena such as the spin-Hall effect [11] , quantum spin-transfer [12] , spin domain reversal [13] , and magnetic phase transition [14] , which are promising for their potential applications in spin electronics and quantum information processing and so on [15] . Due to the crucial role of SO coupling in controlling the spins of carriers in spintronic-based devices, one important challenge is to develop an experimental method effectively, to detect and explore intrinsic SO coupling in MoS 2 .
Recently, layered semiconductor molybdenum disulfide (MoS 2 ) has created an intense surge in research activities due to the existence of an intrinsic band gap [1] [2] [3] [4] . The single-layer MoS 2 presents a direct band gap at the K point of the Brillouin zone, which is distinct from its few-layer and bulk cases with an indirect band gap [5, 6] . This crossover of band gap in single-layer MoS 2 gives rise to its exotic electronic and optical properties [1, 2, 7] . For example, a single-layer MoS 2 transistor has been realized which exhibits a high current on-off ratio and mobility that is comparable to transistors made of silicon films and better than that from graphene ribbons [1, 8, 9] . In addition, a direct transition in the visible range makes it favorable for potential applications in optoelectronic devices. Another significant physical characteristic in single-layer MoS 2 is a sizable spin-orbit (SO) splitting due to the absence of inversion symmetry. The strong SO splitting breaks the degeneracy of the valence band maximum and conduction band minimum along the direction À-K [10] . This splitting makes it desirable for the realization of many physical phenomena such as the spin-Hall effect [11] , quantum spin-transfer [12] , spin domain reversal [13] , and magnetic phase transition [14] , which are promising for their potential applications in spin electronics and quantum information processing and so on [15] . Due to the crucial role of SO coupling in controlling the spins of carriers in spintronic-based devices, one important challenge is to develop an experimental method effectively, to detect and explore intrinsic SO coupling in MoS 2 .
Previous attempts to explore SO coupling were mainly concerned with the energy difference between the two socalled A and B exciton peaks in the photoluminescence (PL) of MoS 2 [5, 6] . However, the identification of these two excitons is still unsettled because of the involvement of an additional bound exciton peak, which is sensitive to the ambient environment [16, 17] . Occasionally, only one PL peak is detected at the room temperature for single-layer MoS 2 due to the quenching effect of bound excitons [5, 18] . Furthermore, the energy difference between A and B excitons does not show obvious layer dependence in the PL spectrum, which is in conflict with the calculation results. On the other hand, the resonant Raman spectrum is very sensitive to the matching between the valence band splitting and the energy of the phonons involved. To shed light on the SO coupling in MoS 2 , the resonance Raman scattering, by exploring a specific excitation wavelength, would be an efficient and accurate method.
In this Letter, we used four excitation laser lines to systematically investigate the second order and combination Raman modes in MoS 2 , including single-layer, bilayer, quad-layer, and bulk MoS 2 as reference samples. Under 325 nm laser excitation, the intensities of high-order modes (2E 1 2g and 2A 1g ) are dramatically enhanced in fewlayer MoS 2 compared with those using other laser lines. Here, the Raman resonance behavior observed is ascribed to the electron-two-phonon coupling based triply resonant Raman scattering (TRRS) process, in which the existence of SO splitting provides a pathway for the resonance of overtone and combination phonon modes. In contrast, we did not observe the prominent high-order Raman peaks in bulk MoS 2 due to its larger value of SO splitting which does not match the energy of the involved phonons. The laser-selective Raman enhancement for overtone and combination phonon modes leads to a new method for probing the SO splitting in single-layer MoS 2 , which is critically lacking in MoS 2 -based spintronic devices.
The samples were prepared from natural MoS 2 crystal (SPI Supplies) by mechanical exfoliation on silicon wafers covered by 285 nm thick SiO 2 . The numbers of MoS 2 layers were first identified by Raman spectra and then confirmed by atomic-force microscopy, which is consistent with previous results [3] . The Raman measurement with a 488 nm laser line was conducted by a WITEC alpha 300R Confocal Raman microscope with 1800 mm À1 grating and the measurement under 457 nm laser excitation was conducted by a WITEC alpha 200R with the same systematic integration and measurement parameters. Raman spectra excited by 325 and 532 nm lasers were performed using a Renishaw Invia Raman microscope. The powers of all laser lines used in our experiment were kept well below 0.5 mW to avoid heating effects. Figure 1 shows the Raman spectra of the MoS 2 samples with the different thicknesses excited by various excitation lasers. Obviously, the intensities of the three high-order modes excited by the 325 nm laser are enhanced dramatically. These three Raman peaks with prominent intensities are observed in the range from 750 to 840 cm À1 , which have been assigned as the second order and combination modes of E 1 2g and A 1g [19, 20] . Unlike the 325 nm laser case, only first-order modes (E 1 2g and A 1g ) can be obviously observed when the samples are excited by the 457, 488, and 532 nm lasers. We attribute this intensity enhancement of the observed high-order modes to the electrontwo-phonon involved TRRS process [21] [22] [23] . As illustrated in Fig. 2(b) , four steps are involved in this process: (1) an electron is excited resonantly from the v 2 band to the conduction band (schematically represented by c i ) by absorbing a photon; (2) the hole in the v 2 band is scattered by a phonon with momentum q to the v 1 band via an interband transition; (3) another phonon with momentum Àq scatters the hole to the top of the v 1 band via an intraband transition process; (4) the electron-hole pair recombines at the top of the v 1 band and a photon is emitted during this recombination process. The energy difference between the laser and the emitted photon is equal to the value of the energy splitting ÁE SO ¼ Eðv 1 Þ-Eðv 2 Þ. In the case of single-layer MoS 2 , ÁE SO comes exclusively from spin-orbit coupling. The key factor to fulfill the TRRS conditions is that ÁE SO has to match the sum of two involved first-order phonon energies well. ÁE SO is a result of the lack of inversion symmetry in single-layer MoS 2 [ Fig. 2(a) ], while for the bilayer case, where it possesses inversion symmetry, the valence band also splits due to the combination effects of SO coupling and interlayer coupling [24] . For the resonant Raman observed in MoS 2 , we need to address two issues: (1) How does the valence (conduction) band split? (2) Which electronic transition is allowed between the valence and conduction band using 325 nm laser excitation?
We have calculated the electronic band structures by considering SO coupling for MoS 2 layers with different thicknesses using the Vienna ab initio simulation package (VASP), within the local-density approximation [25, 26] . The cutoff energy for the basis set was 400 eV. The Brillouin-zone integration was performed within the Monkhorst-Pack scheme using a 36 Â 36 Â 1 mesh. The energy relaxation for each strain step is continued until the forces on all the atoms are converged to less than 10 À2 eV À1 . The calculations considering SO coupling effects are performed in the noncollinear mode implemented in VASP by Kresse and Lebacq [27] . Clearly, the valence band in each electronic band shown in Fig. 3 splits into two bands marked as v 1 and v 2 bands at the top of the valence band. Furthermore, the conduction band at around 3.7 eV also splits into c 5 and c 6 .
To determine exactly which transition (v 1ð2Þ to c 5ð6Þ bands) is allowed, we need to consider the spin indexes of these four involved electronic bands. Only transitions of the same spin are allowed. The red and blue lines in Fig. 3(a) indicate the spin-up and spin-down states, respectively, where both transitions from v 2 to c 6 bands and from v 1 to c 5 are allowed. When excited by a 325 nm laser, its photon energy ($ 3:81 eV) matches well with that of the v 2 to c 6 electronic transition (3.87 eV) but it does not match as well for the v 1 to c 5 transition (3.62 eV). The purple arrows in Fig. 3 show the permitted v 2 to c 6 electronic transition.
To further check whether this transition (v 2 to c 6 ) conforms to the selection rule, we have calculated the partial charge density of the involved bands in Fig. 4 . The valence band maximum (v 1 and v 2 bands) in single-layer MoS 2 is mainly contributed by d orbitals of Mo atoms, which is consistent with previous reports [10, 17, 28] . For conduction bands c 5 and c 6 , the former is mainly originated from the d orbitals of Mo atoms while the latter arises from both the contribution of d orbitals of Mo atoms and the p orbitals of S atoms. As electronic transition requires that the difference of the azimuthal quantum number must be 1, the only allowed electronic transition is that from the Mo d orbitals in the v 2 band to the S p orbital in the c 6 band. This transition from the v 2 to c 6 band together with the spin valley coupling could be further studied by optical helicity as the transitions from v 1 and v 2 to c 6 band are attributed to and excitons [29] , which is beyond the scope of this article and will be addressed elsewhere.
Thus, a whole physical picture for the TRRS process emerges: First, an electron is excited from the v 2 band to the c 6 band by absorbing a photon at the K point of the Brillouin zone; Then, the hole in the v 2 band is scattered by a phonon with momentum q to the v 1 band by interband transition as a consequence of deformation potential interaction [30] ; Another phonon with momentum Àq scatters the hole to the top of the v 1 band by intraband transition to form an exciton with the electron in the c 6 band due to the Fröhlich interaction [31] ; Finally, the electron-hole pair recombines at the top of the v 1 band and a photon is emitted during this recombination process. It is worth noting that for fulfilling the Raman enhancement of the second order modes (2E 1 2g ), the Fröhlich interaction induced electron scattering by an E 1 2g phonon must be involved. Otherwise, the Raman intensity of the 2E 1 2g mode cannot be enhanced [21, 23] . Therefore, the electron-two-phonon coupling in this TRRS process is dominated by the deformation potential interaction induced interband transition and Fröhlich interaction induced intraband transition. For the energy and momentum conservation in Raman scattering, the energy transitions of these three different modes can be written as equations (1)- (3), respectively:
In each case, the overall momentum of the two involved phonons must be zero in order to satisfy momentum conservation. Note that both the E 1 2g and A 1g modes are almost dispersionless in momentum space along the À-M direction in momentum space [32] [33] [34] . This particular characteristic is very useful for observing the strong TRRS in our experiments. The TRRS process requires both energy and momentum conservation. As shown in process 2 in Fig. 2(b) , the phonon participating in the TRRS must have the right energy (ÁE SO =2) and the right momentum q simultaneously to scatter the hole from the v 2 band to the v 1 band. The flat phonon dispersion curve in MoS 2 means that there exist many phonons with similar energy but very different momentum. Once the phonon energy matches the right energy, it is always possible to find a phonon with the suitable momentum to ensure momentum conservation. The same holds true for process 3 in Fig. 2(b) as well.
The experimental observation of TRRS for second order and combination modes is a significant step towards exploring the value of SO splitting in single-layer MoS 2 . Previous calculations using Perdew-Burke-Ernzerhof, Heyd-Scuseria-Ernzerhof, and GW approximation have been performed to obtain the value of SO splitting but yielded varying results between 146 and 193 meV [35] . Our calculation results show that the splitting of 152 meV is within the range reported in the literature. In our experiment, when excited by the 325 nm laser, three resonant high-order peaks due to TRRS were observed with phonon energies between 93 meV (2E 1 2g ) and 102 meV (2A 1g ), giving a SO splitting value of about 100 meV for singlelayer MoS 2 . The origin of band splitting in bilayer MoS 2 differs from the single-layer case as we discussed before, although the splitting value is comparable (154 meV for single layer and 184 meV for bilayer as reported by theoretical calculation results [35, 36] ). For the bilayer case, the splitting arises from a combination of SO coupling and interlayer coupling. However, the spin is degenerate at the top of valence bands because of the inversion and time reversal symmetry, which means each valence band (v 1 or v 2 ) at k and k 0 valley contains both spin-up and spin-down states where different spin-polarized states come from different individual layers. Thus, the interlayer coupling within the same spin states needs to commute with SO splitting [37] . The bulk MoS 2 possesses much larger splitting of the valence band [ Fig. 3(c) ], which means that the probability of TRRS is reduced due to the loss of energy match between splitting of the valence bands and energy of the two phonons involved. As the intensities of the second order and combination Raman modes in TRRS are very sensitive to the energy splitting between v 1 and v 2 bands, we observe much weaker intensities of overtone and combination modes in bulk MoS 2 .
In summary, we have experimentally observed the resonant enhancement of the second order and combination Raman modes in few-layer MoS 2 excited by a 325 nm laser. Combining the first-principles calculation with considering SO coupling effects, it is revealed that the Raman enhancement is due to the Fröhlich-interaction and deformation potential-interaction involved electron-two-phonon TRRS process. The SO splitting at the top of the valence band serves as an essential prerequisite for high-order Raman mode resonance. Particularly, by the triply resonant Raman effect, we defined the value of SO splitting in the single-layer MoS 2 experimentally, which is consistent with our calculation results. Given the giant SO splitting in single-layer MoS 2 , the 325 nm laser-based TRRS technique will provide a new and convenient way to investigate the SO splitting in MoS 2 , which is of great importance for developing the MoS 2 -based spintronic devices of the future [17, 36] .
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